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@ Method and system for reclaiming unreferenced computer memory space. 

© A system and method for reclaiming unreferen- v 

computer memory space, also known as gar- 
bage collection operates in a virtual pernor/ f"^ 
ronment wherain user memory space .s d.>«ded Jrto 
pages. For eact. active page, a table stores the ^ 
^ oldest object on the page (A-value) and the 
aae of the youngest object pointed to from that page 
Sue) A generadonal partition divides the pages 
nto "safe" pages and "threatened" pages, based on 
Zr A-values Rescuer pages, which may corton 
pointers to threatened pages, are determmed by 
comparing the Rvalues to the generational partitioa 
M All potential pointers on the rescuir^ pages are 
9 traced and the objects pointed to are "lat^ « 
^ ^achable. All objects reachable ^^TTJ.,^ 
ble objecte are also marl«d. Unmarked threatened 
objects ate de-allocated. 
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This invention relates Q^n^^^'lv J" 
memory management aod more partcularly to 
tracing-type garbage coilection. 

Garbage collection is the process of 
recl^mina usable memory spaces in a com- 
Sr ^Sy by locating objects (blocks of mem- 
STtSW no longer needed. Independently 
SV^Irams ^hich'requesttha ^^o^^^^^^, 
mernory spaces. It is not always advisable to per 

'S2bage collectors must verify that there are 
no ^Sies (pointers)to an object, i.e.. that the 
obiirn^cesslble. before deallocating t^ ob- 
?ectV.nemory space. There a« tv«) general ap- 
^proachl to gart^ge collection: -fe^^ Jjoun^ 
and tracina Reference counting garbage collectors 
a count of how many references there are 
TeTi; object. If the reference count .s zero, the 
bki^of memory can be de-allocated (reclaimed). 
rSoI counlg garbage coilecm ^e effic^^ 
to execute but they have several limitations. They 
Si rX«» inaccessible -cyclic st^^u^e^ 
which directly or indirectly reference themselves 
pSer hrLntenance of reference counts uses 
uMpii^d can noticeably slow the performance 

srpoSoC.:---'^^ 

Sle Reachable objects are either mark^ o^ 
Sedto another location. All objects po.nted to ^ 
STabVe objects are also identified as reachable. 

continues until all memory objects 
JihaSe from the root set have been found. What 

emSns as unmarked (or uncopied) is inaccessible. 
Lnd iufgartage. These inaccessible sto«^ 

^ e^e dValloSated^nd returned to the pool of 

n™^agec..ectors™sig^ 
cant interruptions of program executton. One ap 
to iSnWng the length of interruptionjs to 
5^ a -threatened set" of objects subject to 

thrsatenina " By limiting the threatened set. the 
ItStracing can be r^-^^^^^^^ 
fomiance. I^r example, in "generational gart)^ 
only younger objects are threatened. 
5SS^?'.t ifs.il neisary to detem^ine whether 
«„ Dointed to is m the threatened set. prefer- 
TbiylSo^: SIg each pointen One soJu«on . 
to Store newer objects in a partcular region of 



flenerational collectors copy the 
ratenedtut^S Objects into the "non- 
, Sned- memory space reserved for oWer^ 
ieots leaving a free, threatened space for the n«a 
SSX^Mthough copying -"^f:,temr^ 
advantage of compacting the use of memonr 
^ ?.e copying operation 'e 

if cot*!s must have knowledge of which 
St an obteS are address pointers (as opposed 
TdL or SSucttons). because they update the 
oiitl lenTey move objects to the non-threat- 
" ikying collectors are thus incom- 

pa ble^ "^S^-^^^^^ 
Sservative collectors, the collector does not have 
pX7 knowledge about the 'of of Pointej 
hut makes conservative assumptions about whicn 
Sl7ns rtSs might be pointers to aHocated Ob- 

S 1 treS the object "pointed to" as reacha- 

"^ The invention Is intended to provide a non- 

Te partially threatening but does not requi« 
Z wpyi^g of objects, and which can be used to 
SnS Iservitive and generational garbage 

30 "'C;ding to one aspect of the inv^«on ««J 
is provided a garbage collection system for re- 
claSng unrete^nced memory space in a com- 
puter.the system comprising: 
a computer having a memory; 
IpZmoi objecte storedin said me"»'^" ? 
least ^me of said objects conteining pointer val- 
HAS Dointlng to other objects; , ^ ^ a 

So? said object shaving one associated A- 
value stored in said memory; c- 
^ each of said object shaving one assoaated F 
v/aiiifl Stored in said memory; and 

gSge collection means for deallooating un- 

reachable objecte by: 

receiving a partition value; 
oartitioning the objects into a safe set and a 
threSd se? by comparing the partitfon value to 

*'wSng rescuer objects in the ^e set by 
« polnttd to tan oth. reachable ob- 
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not Jdentified as reachable. 

According to another aspect of the Invention 
*ere is provided a method for reclaiming un- 
r^nced memoir space in a computer haSng a 
memory and a plurality of objects stored in the 
memory, at least some of said objects containing 

comprising the steps of: 

storing a plurality of A-values; 

th« T^'^'^J^ '^■^^'"^ ^ teast one of 
fte Objects such that each object 0 has one asso- 

storing a plurality of F^/alues- 

fh« T^^"^ ^ ''"^^"^ « 'east one of 
fte objects such that each object 0 has one asso 
dated F- value F{0) for indicalfr»g a range of 
coj^r^g the A-value A(0., To^ect 

receiving a partition value; 
thr»^f "^^^ '"to a safe set and a 

mJS^!? the safe set by 

companng the partition value to the F^alues as«^ 
ciated with the objects; 

identifying as reachable objects all objects in 
the threatened set that are pointed to frSTthe 

^^are pointed to from other reachable ob- 

n«t iHtn^lTf ^" threatened set 

not identfied as reachable. 

"fhrilJ?^*^ ^ partitioned into -safe" and 
nTr^ '^^^ °'^je'^« are furth^ 

Parttoned into "bystanders" and "rescuers" The 
objecte pointed to by .Bscuers id^! 
Mied as reachable. Ail threatened objects pointed 

fJZT^',?^ also identiSedl^ 
nsachable. When all reachable threatened objects 
have been identified, all unreachable threatened 
objects are "collected", or freed "'pawned 

A^^HTLT^ *° ^ °''i«=ts have 

^-"^"^ <^"^h may 

to partition objects info "safe" and 
"threatened". A value Q is specified as T 
gane j^nj part^o. Objects ha^g"^ ^val^ 
tesstfian Bare safe, and the other objects are 

SHbil^t to partition the 

sa© objects into rescuers and bystanders The F- 
yalue represents the maximum A-value of the ob- 
jects pointed to by an object A salS oSJSTis^ 
-^cuer orty If tts l^e is not less Sn g 
jnd^g that the object may point to a threaten^ 

the size of the rescuer set and the scope of the 



fracing. The A-values and F-values also allow the 
fle««ble definition of the generational pSn G 
11 the necessity of moving objecfs. "mi in 
6 21,0'^. ^ conservative approach to the ideJ- 
J^on of pointers. In a prefened embodinS 
A-valu^ and F-values a,B maintained onJIS 
f^^ » a safe page is written to be^ 

•* ^ the rescuer 

set and its F-value is updated during the trace 

nh2 r r^'' "'^ "P-^^t^* ^"^'"9 the t^ 
phase to refer to objects actually encourrtered The 
maintenance of the F-values is thus accoCSd 
with minimum overhead. 

" m«thV7 '"^®"tion provides a 

method for identifying reachable objects In a 
^^tonal garbage collector for recS;g un! 
referenced memory space In a computer memory 

a» object having a time of allocation, and at ieas^ 
of the Objects having pointed to ol^ 
jects. compnsing the steps of: 

storing a plurality of A-values. each A-value 
being associated with one or more objecte aS 
Zrf"'*''«"'«°^^"°<=-tlonofthe'SSst^ 
said one or more associated objects- 

storing a plurality of F-values.' each F-value 
bemg a^ciated with one or more objects Id 

«, oST!l'*''^"'''"^^°'^'^todwithi,ry(r 
so gest object pointed to from said one or mSL 
associated objects; 

receiving a generational partition value- 
partitioning the o^ects Into safe obj^ts and 
threatened objects such that safe objects teve^ 

tion and threatened objects have an assoclatedA- 
SonT" " "'"^ the^^ntl 

40 obiJ^'"^ ^ '^'^ Of the safe 

« objects having an associated Rvalue greater than 

or equal to the generational partition: and 

a mln?!?!; *® '"'^"tton pnwides 

a method of tracing pointed to objects in a com- 
puter sysystem having a memory aid a pLalS of 
60 oS n°'? ^"-"^ "f Stored 

«=.hT"^ ^ '""'^'•y ^-^s'^es and associating 
e^h A-value with at least one object stored in tie 

55 lr^''r^!;f'^°''°''j«°*Ohasanasce^> 

Cofrer°''°^^~«^^^-*^- 

storing a plurality of F-values and associating 
each Rvalue with at least one object stored in the 



4 



EP 0 430 668 A2 



memory such that each object 0 has an ascertain- 
able F-value F(0): ^^t 

maintaining the stored F-vaiuea « «~ 
each F-value F(0) is greater than or equal to A(0) 
if object 0 points to object O: 

and ions for objects in a garbage coliectlon 

''Tgs. 7-8 are biocic diagrams of a computer 
program for garbage collection. 
^ F.g. 9 is a flowchart of the test <f P^'"^^" 

Fia 10 is a block diagram of the computer 
proJ;l for the sweep phase of the garbage col- 

•n^pSed embodiment of the inven«on is a 
pointers The program op«^o" l 2\6ed into 

"♦hrflfltened" ones baaednn tneir « vwu^ L ^ 

representing the time oi ^ ^ 
object on the page. The A-value °f ^" 



ship among objects. F(p) 'f J^"^! j^g^ to by 
*e maximum A;yalu9 ^ the ob^ecte PO«^e 

„ any object on f « i"^^*,:^^' (high) es- 
pointed to. F(p) * ~ ^ ^ points to 

« 7a! SSsS^S each Object, rather 
ues. can be associwo ,-venllon could be 

ftan each P/S^- *f J S values being 
implemented with e*er <^ °^ ^ 

^ored a^l.'^tl^TUralStSidthatit 
Page-ba^d>^lues^tt«^^°'^ ,„g,^^^ 
is possible to use a vaiiw J' _^ be 
other than time, as long as j^,^ . .^y 

^» a« «hfect (0> cannot point to an 
In other words, an objett tu)c h 

object (O-) if F(0) is less *^J^^- JJ^^ d^ter- 
as thus defined. P~^f another 
mine whether °'^'f^.'™2ul i e a threatened 
35 object having a particular A-value. ..e.. a 

neF-va.ueF(p).rapa^e.gre^^^^ 

r F^rray ° -ml'or dmerent 
^Tfr^ 2 A-Sgrsimilarly. the F-pages and 
40 sizes from f f^^, same as the virtual 
A-pages are not neoes^^Mjy we ^ 

memory pages. '^'^^^J ^^J^jTn the embodl- 
and virtual -^-^^^f ^rJ^fi 'n the selec 
mentsdescnbed ^^'^'"^-TrL^feril to those of 

ordinary skill m in© « * ^.n^- A-oaaes require 
In the first embodiment tne ^o<x^^ 
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uses the VM operating system "dirty bff to deter- 
mine whether a pointer may have been und2^ 

wJfSn I « * !!"^ wheneverthe page is 

F-gs. 1-3 are flovroharts of the trace' phase of 
andle^^H ? .^^^ ' ^ the dirty bft 

«t Diock 18. the page's A-value is tested to 
detemiine if the page is safe. At bloScTs«2 

and bystanders". Rescuers are safe r^ltL 
either have the rtirh, k» pages that 

used to ffi!,if* ^ F-value is 

used to Imit the rescuer set without the rwcessltv 
cf following pointers to determine whethHS 
safe object points to a threatened object. 

/ncr^rT'r'* '"'^ set 
iiiureases the rescuer <5At hi if :* 

(because the trueT^alue is n J J. 

ensures that the F-'^Z^LlTp^l^' 

aSZ^J^LL^^ more 
accurately between collections, for examnie k„ 

jects dunng executon of user programs When a 
M if^''^^' °' '» *® Object pointed to 

-.^improve the eSnW^rcoTSt? 
would require execution of specially generated 
(or special ha,dware)fbr all pofnt^SS^ 
men^as wen a, language^'' 

obie|Jt*?o^'?f ^ at bteck 22 an 

object (0) on the page is examined. At block 24 
^ch potential pointer to another object (0? is reaJ' 
^9 now to Rg. 2. at block 28. the d^i 
*e rescuing page is tested. If the dirty btt is ^ 

t\%r/^s.rrrT- 

ne M value A(0) of the object pointed to Is com- 



fh«<>^ *. . ^ maximum nf 

uraterbr:e^';*t^^^^"^^^^^--"' 
.ri?nrc^i^^*-'--«^o^^-"p^- 

« ft(0?fe?i^lIf'*''"'"3P^9«'^*«^dto8eelf 

'^"'n'' the object (O) is chedtBd w 
more pointers. These steps a blocks 

Then. When there are no more objects^ i^e See' 
pages. Then the dirty Wte are reset to false for I« 

pag^ and ^ block 36 the sw^pro^tl^etiSd'' 
34 w ; ""'^'"''^ °f ^ tracenibject routine 

oinrrbra"r:rr2v~ °^'^<^> 

Seprte^Cote^ 

rjbSrrnr.r°'>---'^^ 

thrpi" ""^ ''■^^'"es for each reachable 

tel 5 ^ °"' ^'^ *^®s'rable because ob 

- Jot's,rthrner;:L^"' 

fn «I ■ ^''^ pointed toCO-) is tested 

oSect rSl.?!^ ^® "° """"^ Po'nte'^ in the 
roS. to the calling 

blocS M "''^^P 36. At 

me^. The first time a protected page is written 

f "P^"''' *° 0^ Oi^en^tir^ 

part Of the page fault When the collect J 

^'^it^ 
-^scuers (because G S cunent time) and will have 
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their F-value updated. As with the dirty brt tech- 
Sue i reachable threatened pages will also have 
SVll^Tupdated to refer to the max,rr.um A- 
Zll S the ^ actually encountered by the 

"'^^ither differences between the two embo* 
.e,S described herein are "1"^-^^^;^^ 
in programming strategy within the scope 

^TStpig.S.a.o,ca,.^J^^^^^^^ 
ganlatlon of a computer memory 70 sh^^^^h^ 
Lmory comprises a ^^^^^^'^^Z 

?rrcorerditeiurr^.8^.B4^^^^^ 

'''user memory space 72 may be a virtual 
dJs soace for user programs and data, with some 
oX'S date anS programs actually stored on 
an external storage device, such as a rnagn^ 
^icu Hrive in this embodiment, user memory space 
S s rded Z P^es 88 of equal «-Jor stenng 
The term "object" refers to a block ot 
XyrtTbe allocated at a par«cu.ar«me 

controls the copying of pages to ^^J^f^ 

iliates availabte memory blocks for 
S^s When requested by '^^'^'^ 
Collector program 76 is a garbage collector accord 

to one embodiment of the present invention. 
^ ?he^7d^ structures used by garbage coh 
,ecto?7e^dX:ator 78 are global page heap O)^ 
su?h Jp 82. m-i-heap 84. and bag 86. Gtob^ pa^ 
heap 80 Stores pointers to the stert and end d us* 
SS^ory space 72. and an owner list The Own* 
^is an ordered list of pointers to a set °f m^h 
leai d^stnictures. with a slot reserved -n *e 

Swl list for each page ^^^jT^^STtSe 
If there are any allocated ot^ecls on a page, 
then aSr78 Jll have allocated and initialized 
iL mlSSp date structure for that page, and will 
rav^iSS^aVlntertothtem-i-heapin^^^^^^ 
priate slot or slots in the owner list Subheap ^s 

reference to Fig. 6. A header area in bag 86 sUww 
SrSnumber of objecte on the page and *e 
of Objecte m each of the four possible 



Rg. 6 is a stete diagram 90 showing *etoK 
^'wSich an object can be 
^sitions. An object can be in one of theseste^. 
Z 92. allocated 94. visited 96 or unexplored 98. 



The state infom^ation requires two ^^^^^ 

„ -not visited" (leftmost btt=0) and are either ai 
5 noi viaiiou \ nhiects can transraon 

^* aiiAcator during execution of user progromo 

tocSi bTnot visited during the trace t)ecome 

dicn^on of the garbage collector p^r^ of t^s 
« embodiment, it will be ^f^^^JS- 
other variables and po-nters. ««! "^^^^^ 
tures not shown or descnbed. for use py me 
!St<i 7& Allocator 78 will not be descnt«Kl m 
A ^ of allocator programs could be 
30 cSu'eTTthoseofordlnan.^^ 

work with the date structures used by the garoage 
SltJor of this embodiment. Tlie only s.gnift«n^ 
coiiecior ui " . gn,bod ment is that 

"^f """l 'Z^bieiTa p^cular fixed size. 
3, n^rb?ShTu^el»'dthat.a«hough^ 
oarblae collector described below IS executed on 

Cest a^ interrupte the -ecu«on ^ user ^- 
„«m it can be adapted to run in parallel or con 
^^'Jl wTtJe execution of user programs, pref- 

^orv Mffliv programs share virtual copies. 
'^S: 7 through 10 illustrate the stnicture o. the 
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computer program of the preferred embodiment for 
a^smg^s garbage collection. In Rgs. 7. 8. anTtO 
each bloclcrepresents a "C" function, or subrou^ 
«ne^A fcncBon is called (invoiced) by the funcTn 

ftim*ons Cai s proceed generaliy from left to right 
after a return from all called functions in a line 

lect^MStt*^^- ^' ^ 9^«9«^ 
ft^L ® generation gap variable and calls 

21? "I! ^f^'sl-Sarbage^liect 104. Specif 
g^agejcollect 104 calls CootKsall back 10? to 
mark all root objects pointed to from alobals 
stacks, and registers as unexpkxed. iS, sp 
ga*age^,ect 104 calls function gimme!u'C 
108 which, for each "rescuing" page (Afo) < Q 
and F(p) s G). calls gimme-m-iSie^, lloTse^ 

pages. Gimme^n-i-heap 110 initializes the F-value 

S^St^!f * ^ "unexplored" and to up. 

2?h<S h? ^^.^ ^ ^ P«""««« vwil be de- 
scnbed bekw with reference to Rg 9 

Qlmme-m-i-heap iio calls function find-ad- 

owner of the object pointed to by each poin J 
The -owner- is the m-i-heap for the page on wS 

global page heap, and then subtracts the start 
oflset The oflset is divided by the page siS aSd 

lenli '^hfr^..*" ^ ^ - " 

TZ ^ ! "^^^ ^ '"<lex. points to 
*e m-i-heap (owner) for the argument address 
17,0 a^dre^ of this m-M«ap is reamed L^JT 

The owner m^^1eap contains the A-value for 
Je page (and thus for the object) point^ to. J £ 

page the F-value is updated to the higher value, 
olm.^^ 2*11 "'^•™ot-'"-'-heap 114 Is called by 
gimme-m+heap lio to mark each threatened ot^ 

Se tZr^ ^ "unexptorS-t 

*e brtmap. TTte object is threatened if its page's Z 
value ,s greater than G. indicating that a!lbj^ 
on the page are younger than the generation g JT 
Af^er all rescuing pages have been searched 
m'is"SLT°" ^-'-"••^Pt^ace-and-s^^^ep 
Z L I special-garbage^collect 104 to 
stert the trace. Complete-trace-u^eap 118 calls 



Sect Ts^ Sn, «^P'ore- 
Z l : ^'°'«-°''ject 126 looks for pointers in 
'Z^"'^ <*lect If the object pointed to s 
neither -free" nor "visited" the function qSuf-o ! 

t^S^Tf ^'h'* ""^'^ '^^ Object 
to The funcfron queue-or-explore object 128 ca^ 

for rrr^ *° 9et the ovInS m'htp 
for the object pointed to. If the object is on the 
current page (and it is not yet visitS) hJ! 
«» exptore-object 124 is called recu'tely ol 
ject pointed to is not on the cunj^rt pagfth^ 
mark.root.mW4,eap 114 is called "J S ^fafert 

« ^ ^® ^ unexplored. By queulnq ol> 
^^P^'nted to on other pages, the p'otU^Sep* 
2uS:LS^-^*«P--^"'«Vofpi: 

.ueu"Xft»?:Krtt^^^ 

"Plated. If the A.va.ue Of the p^SS 
to IS greater than the current F-valJe *SS te 
current F-value is reset to the higher value 

f-'9. 9 IS a fkw chart 140 of one method fnr 
« ST't' ' "^'^ represJ:raTo2i£ 

order to eliminate 
non-pointer values as quickly as possible. « S 
142 the word is eliminated if the value of the 
.s less than the starting address of ie memo^ 
space (Stored in the global page heap) T step 

^'^^^^ "^^ memory spS 
(also Stored in the global pags heap). At s^p *^ 

35 tWSi^ f step 148 indicates 

S hh'^^ " for the owS^ 

address, than the page is not In use XflS 

InT^' * ^ m-i-heap tS 

mIST'^ r"*" *° "^S- the bit maS 
indicates the state of the object at the DolnJrt^ 

address. If step 152 indicatTth Jt te 'SJ^S 
free, then this value cannot be a pointeV 

^ ^ ""ay in fact not be a 

pointer, but these teste eliminate a reSn^^le 
number of non-pointers at minimal expe^oTa 
conservative non-copying collector, bther es^ 
« ^ I"'"'" y 'awspecific) cal S 

th? T"* expense. For 

example, the value can be tested for word alion- 
ment If the tow-order bite are non-aero Te fZ 
65 titT'"'"' ™^ ^ '"^>^^"s've test per! 
Sl^ '^"^^^ *^ whether iSL 

vahie points to the start of an object, which can to 
determined by subtracting the value of the^L^ 
start address and dlvHlng the result by the objert 
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Size. This 18 a relatively e)(pen8ive test, preferably 

trace phase, when there ^re no more onexpto^ 

object, the function ''g W 

TraceHjone 124 calls Qosweep^-heap 166 to ^ 
IrZ ma sweeo. For each m-i-heap in the subheap. 
form me sweep, rui function, 
gc-sweep-mn-heap 168 is ^^- JL^ 
'calls gc-sweep-bag 170 to "P<*f J^^^'^^ ,„ ,„ 
After the trace is complete, all objects we in 
« 1« ihrea States of free, allocated or visited. 
Telwt^p pTasfS,nirts visited oblects to ^ 
STateTand allocated objects to free. Free oble^ 

Snin'free. Unthreatened ^^^^^^^ ^- « 
-swept". The sweep phase operates on ea;h wt 
„Tp for a threatened page, one word at a ttme. 
RrSthewordi8"anded"wlthawordof 

1010101010101010 1010101010101010 

. . =, /cat to free) the low order (free/allocated) 
for each obiiflS. the word is shifted right 
1' bit making all visited Hems allocated without ^ 

^^£tt%T:itupdated.«,etota,s.rea^ 

r^rirrn^nsrspi^^^ 

^^uL^ea^rr^^^^ 
IJ^ShuSp 174 is called to write-protect the 
pSS to il a fault the next time the page .s 

""^^rirtven.on has now been desorlt.cl^d 

"T^irhr;rbe^°unSSs;:brrjL 

i :ean:i -edifications and addlSons 
to "^ade without departing from the irue 
of the invention. For example, pointers could 
programmlng-speciflc Info^^- 
another example, the non-copymg collector de- 
Sid Ttwrembodiment could be combined 

STa «; ^ng collector to r^^^^^^^Z^Z 
crilector using well-known methods. The wregoma 
SSion IS not intended to limit the scope of *e 
Son. which IS defined by the following claims. 



Dolnter values pointing to other objects; 

each of said objects having one assocujed 
A-vSe stored in said memory for represerrting 
a partial ordering of the objects; 

each of said objects having one assoda^ed 
F-v Jue Stored in said memory for representing 

^T»2^-SSormeansfordeal,oca«ng 
unreachable objects by: 

a threatened set by comparing the parttion 
value to the A-values; 

Identifying rescuer objects m the safe set 
by «.mSing the partitton value to the F- 

'^'"Snlifying as reachable objects all objects 
,n tifS!2L'ned set that are f^^ted to from 
L rescuer objects and all obiects m the 
SLtoSTsermat are pointed to from other 

^"^SSSSnTar Objects in me^reate^ 
set not Identified as reachable. 

2 The system of claim 1 further comprising al- 
locator means for altocating objects t«d 
SS^n the A-value associated with an object 
iJ^TsSnS the time of allocation Of the object 

« Th« svstem of dalm 1 or claim 2 wherein the 
?:alur^ociated with an object Is ^e^ 
tt,an or equal to the A-values associated wrth 
the obiects pointed to by the object. 
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CUdms 

1 A garbage collection system for reclaiming un- 
memonr space in a computer, the 
system comprising: 

a computer having a memory: 
a plurality of objects stored in said m«n- 
cry. at Srsome of said objects containing 



A The system of claim 3 further comprising 
min for maintaining the lvalue assooated 

S an object In response to a change to the 

ot^ect. 

R The system of any one of claims 1 to 4 
^ Terersald garbage co.lec«on mean^^ 
tions objecte Into a safe set and a 
s^r such that Objects in the safe sat have *nj^ 
value less than the partition value and obj^te 
1^ the threatened set have an A-^alue greater 
than or equal to the partition value. 

6 The system of claim 5 wherein said gartage 
ISJeSon means ident«ies ro^^^^i^^^ 

60 objects having an F-value greater than or equal 
to the partition value. 

7 A method for reclaiming unreferenced mernory 
sp^ in a computer having a memoj7 and a 
nluralitv Of objecte .stored in the memory, at 
K some of said objects conteining pointer 
SesTomt^g to other objects, the method 
comprising the steps of : 
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Storing a plurality of A-values; 
associating each A-value with at least one 

«L!!!,^!ff ^''^ o^i^"^ O has one 

associated A-value A(0) fpr representing a par- 
tial ordering of objects; 

storing a plurality of F-values- ^ 

«f ^J!"^ ^ vvith at least one 

of the objects such that each object 0 has one 
assocrated F-value F(0) for Indicating a range 
of values containing the A-valu© MCn if cbtoat ,« 
O points to object 0'; ' 

receiving a partition value; 

parBBonlng the objects into a safe set and 
a threatened set by comparing the partition 
value to the A-values; Panraon 

"^^"*«y'."9 rescu^ objects in the safe set 
by comparing the partition value to the ^ 
values associated with the objects- 

identifying as reachable objects all objects 
the threatened set that are pointed to from 
tf^e rescuer objecte and all objecte In the 

K^* ^ P'""'^* to other 
reachable objects; and 

de-allocating all objecte In the threatened 
set not identmed as reachable. '"'^"^ ^ 

^ litlt-r*"'* ^'^"^ said Step Of 

Ktenbfying reachabte objecte comprises storing 
an mdicaaon that the object is reachabte 

a T^« n;ethod Of Claim 7 or Claim 8 wherein the 
0^^^"°^"^ ^ ^-^"^ With at tea^ 

ea*. Object an A.«lue less than or equal to 
the time of allocaflon of the object „ 

10. The method of any one of claims 7 to 9 
vjere n the step of associating each F-vle 
at least one of the objecte comprises the 
Step of manteining each F-value so that eacS ^ 

i^/"'^'^"«''(0)9'«aterthrc; 
eq^to the A-value A(0-) if object 0 pointe to 
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